Abstract The objective of this study is to assess the impact on nodule detection and efficiency using a computer-aided detection (CAD) device seamlessly integrated into a commercially available picture archiving and communication system (PACS). Forty-eight consecutive low-dose thoracic computed tomography studies were retrospectively included from an ongoing multi-institutional screening study. CAD results were sent to PACS as a separate image series for each study. Five fellowship-trained thoracic radiologists interpreted each case first on contiguous 5 mm sections, then evaluated the CAD output series (with CAD marks on corresponding axial sections). The standard of reference was based on three-reader agreement with expert adjudication. The time to interpret CAD marking was automatically recorded. A total of 134 true-positive nodules, measuring 3 mm and larger were included in our study; with 85≥4 and 50≥5 mm in size. Readers detection improved significantly in each size category when using CAD, respectively, from 44 to 57 % for≥3 mm, 48 to 61 % for≥4 mm, and 44 to 60 % for ≥5 mm. CAD stand-alone sensitivity was 65, 68, and 66 % for nodules ≥3, ≥4, and ≥5 mm, respectively, with CAD significantly increasing the false positives for two readers only. The average time to interpret and annotate a CAD mark was 15.1 s, after localizing it in the original image series. The integration of CAD into PACS increases reader sensitivity with minimal impact on interpretation time and supports such implementation into daily clinical practice.
Introduction
Over the past decade, the potential for computer-aided detection (CAD) systems to augment radiologist's ability to detect lesions [1] and specifically solid lung nodules on multi-detector computer tomography (CT) studies of the thorax has been extensively evaluated [2] . Furthermore, such evaluations have also been performed on databases of cases, such as the Lung Image Database Consortium, collected for the purpose of assessing CAD impact [3] . To date, nearly all studies have shown a consistent improvement in the identification of potentially significant lung nodules [4] [5] [6] [7] [8] . Importantly, this improvement has been shown to be relatively independent of the CAD algorithm employed [9] and CT technique including radiation dose [10] , reconstruction algorithm, variations in section thickness [11] , as well as differences in the level of reader experience [12] . Additionally, the value of CAD systems is well documented in a variety of clinical environments [13] .
Despite the established advantages of CAD systems for improving radiologists' performance, the use of CAD has yet to be widely established as a component of routine clinical practice [14] . While undoubtedly multi-factorial, a major contributing reason is the need to rely on stand-alone workstations rather than being incorporated into picture archive and communications systems (PACS) allowing for routine usage. In fact, there are clear benefits to employing advanced workstations since, in addition to detection, most CAD systems also integrate sophisticated visualization and measurement tools that simultaneously allow readers to perform 3D nodule segmentation, volumetric assessment of size and density, and even the ability to automatically identify nodules on sequential CT examinations [14] . However, there are many clinical scenarios where such advanced functionalities are not required yet patient images must be reviewed for the presence of lung nodules.
The present study avails itself of pre-computed CAD outputs as a mean of integration. Newer directions in workflow management advocate, in fact, the incorporation of content-based image retrieval as a means to support CAD review in PACS [15] and further evolve into fully hospitalintegrated solutions [16] .
Thus, the inconvenience of needing to employ two separate reading stations (PACS and a CAD workstation) in order to interpret studies using CAD has limited its routine utilization. One obvious solution would be to seamlessly integrate CAD into existing PACS [17, 18] . Anh et al. [19] described a toolkit which implements a solution, similar to that used in this study, for the integration of DICOM captures into the PACS and hence allow the review of CAD findings directly on the PACS. Huang et al. [20] provide a comprehensive view of the various aspects for CAD integration. Unfortunately, at present the integration of a CAD system, employing the entire broad range of CAD interactive functionalities into currently available PACS environments, has proved technically challenging [14] . The available approaches for the incorporation of a CAD system into PACS clinical workflow focus primarily on presenting readers with candidate nodules as DICOM captures; thus, potentially routinely enhance lung nodule detection. This has taken on greater potential importance with the long anticipated report of the National Lung Cancer Screening (NLST) study documenting a 20 % reduction in disease specific mortality with low-dose CT screening [21] . While, Roos et al. have also assessed the time to evaluate CAD marks as either true (TP) or false positive (FP) [22] , to our knowledge the efficacy of CAD as a second reader and the effect on interpretation time have not been evaluated in a PACS settings.
The present study aims at exploring the effect on reader sensitivity and interpretation time for the detection of solid nodules using a commercially available CAD system that is integrated into the clinical PACS workflow environment; specifically addressing its use in a second-reader paradigm in the interpretation of thoracic CT studies.
Material and Methods
The thoracic screening CT cases, included in this Institutional Review Board approved retrospective study, were collected between January and March 2007 as part of the Early Diagnostic Research Network study. The CT scans, without intravenous contrast administration, were performed beginning at the lung apices and ending in the upper abdomen on a multidetector CT scanner. The studies were acquired using 2×32× 0.6 detector configuration (CT Sensation Definition, Siemens Healthcare Forchheim, Germany), with gantry rotation time of 0.33 s, tube potential of 120 kV, with angular and longitudinal tube current modulation (CareDose4d) using a reference of 40 mAs. The CT data were reconstructed into axial 1-mm sections at 0.8-mm intervals for the "thin sections" and 5 mm images every 5 mm for the "thick sections", using a highfrequency kernel (B60).
Based on previous evaluations of our CAD algorithm reported in the literature, we determined that a 10 % difference in sensitivity would have been statistically significant [23] [24] [25] . Hence, assuming a CAD stand-alone sensitivity of 70 %, and three nodules per patient on average, it was determined that the study would need at least 40 cases to achieve a 95 % confidence interval of ±10 %. Thus, we included 48 consecutive studies. Five were rejected, following expert review (D.P.N.), due to the finding of diffuse lung disease, while all others (43) met standard criteria for image quality. In order to mirror the normal clinical practice at our institution, only thick sections (5 mm) were assessed by readers for nodules, to determine the impact of an integrated CAD system in a workflow in which thick chest CT axial sections are routinely evaluated on a PACS system. All data used in this study were anonymized.
CAD Server
The CAD server (syngo CAD Manager 2008B-not a medical device, Siemens Healthcare, Malvern PA), employed in this study, processed the thin CT images acquired data as part of a workflow which enabled the results to be viewed directly on the PACS (Fig. 1) . The workflow entailed simultaneous transmission of data following completion of a thoracic CT scan to both PACS as well as to a separate computer server for processing. The CAD algorithm (described below) generated findings which were then presented as short series of derived DICOM image objects (Fig. 2) and automatically sent to PACS. The length of this series depended on the number of candidates identified by CAD. Each candidate was displayed as a circle, centered on the finding, on its corresponding axial image. When CAD yielded no candidates for any one case, a message stating "no CAD findings" was overlaid on a single image and output as a series.
CAD Algorithm
CAD algorithms in general and CAD for lung nodules in particular, have been gaining clinical acceptance over the past 15 years. These products are supported by intense research work in the field of Computer Vision and Pattern Recognition [29] [30] [31] [32] . The current version of syngo LungCAD (FDA clearance K063877) algorithm for nodule detection (Lung CAD VC20A, Siemens Healthcare, Malvern, PA) was included in the syngo CAD Manager server, as mentioned above. The algorithm was designed as a multi-step approach with the goal of detecting lung lesions with high sensitivity and specificity focusing on solid lesions greater than 3 mm. The algorithm [33] trained on 330 data sets and tested in over 747 data sets collected from multiple institutions to include various chest CT acquisition protocols and scanners. The algorithm was decomposed into four stages: lung segmentation, candidate generation, feature computation, and classification. The first three stages combine both image processing and embedded machine learning approaches, while the classification stage (fourth stage) is entirely based on machine learning techniques. The four stages are performed as follows: [36] , and (c) those that describe the candidate's edge and margins (computed as part of a volumetric segmentation of the candidate [37, 38] ). These features capture properties that can be used to disambiguate true lesions from typical FP. Some of the typical FP, mimicking true nodules, are caused by pleural thickening, connective tissues between vessels, partial volume, etc. 4. Classification, based on data mining approaches, utilizes the multiple instance learning-based classification [39] that performs automatic feature selection and classifier design jointly. During the training stage of the classifier, medical domain knowledge regarding nodule appearance, shape and sizes is incorporated. It takes into account the information about nodules to construct different type of classifiers with separate decision boundaries that relate to the individual nodule characteristics (e.g., small and large nodules). It uses gating as a means to learn automatically meaningful clusters among the candidates and construct classifiers, one for each cluster. The basic idea of the approach is that of decomposing a complicated task into multiple simple and tractable subtasks. The model consists of several domain experts and a gating network that decides which experts are most trustworthy on any input pattern [40] . In other words, by recursively partitioning the feature space into sub-regions, the gating network probabilistically decides which patterns fall in the domain of expertise of each expert. Thus, a final weight is assigned to any one mark determining those that are presented to the reader for review.
Study Design
All CT studies were evaluated by five fellowship-trained chest radiologists (J.A, J.F, J.K, C.W.K., and D.M.-ranging in experience from one to ten years) in a randomized order on a commercially available PACS system (Siemens Healthcare, Erlangen, Germany) for the study. A training session was performed with each reader by a study coordinator. The session included three additional chest CT cases for reader training and practicing the protocol for interpretation of study CTs, which included the use of a Case Report Form (CRF) software application. The CRF, installed on a computer adjacent to the PACS reading station, was utilized for randomizing case order, instructing readers, collecting interpretation time, and compiling nodule characteristics. The readers first interpreted forty-three contiguous 5 mm studies with the specific intent of identifying all solid, non-calcified lung nodules equal to or greater than 3 mm in diameter. The CRF guided the reader to load a specific case, identify and mark the nodules on the CT series. Nodule size, whether solid or calcified, and, in the case of CAD, the type of FP, were annotated by the reader using the CRF tool. Upon completion of reviewing images for each case, each reader examined the CAD series. The series, precomputed on the CAD server, was available on the PACS (Fig. 1) as an additional series for each study. Each CAD mark was evaluated by the readers following a process which included the following four stages (Fig. 3) . First, the readers opened the CAD series to determine whether any marks had been generated by the CAD device (stage 1, "Start-up time/CAD mark present"). Secondly, if any CAD Fig. 2 Left CAD server output with candidate marker embedded directly into pixel data of the DICOM-derived image. Right detail illustrating one of five markers identified for this case Fig. 3 CAD marks evaluation process: stages of evaluation mark was present, the readers located each CAD mark manually on the corresponding contiguous 5 mm CT image data set, previously interpreted by the reader, to better evaluate the finding (stage 2, "Reader Found"). Thirdly, if the CAD mark did not correspond to a structure initially identified, the reader then decided whether it could be easily dismissed as insignificant finding such as a calcified nodule or small finding ≤3 mm or an easy-to-dismiss FP, such as a hilar vessel or bony excrescence (stage 3, "Insignificant or Easy FP"). Subsequently, each remaining CAD mark was thus evaluated and assessed by the reader as either a clinically significant nodule (TP) or not a nodule (FP), such as a small vessel or a non-rounded focal abnormality (stage 4, "Significant-TP/FP"). Any CAD mark deemed by a reader to be a new finding was characterized using the same criteria employed for nodules initially identified by the readers alone. The CRF required that all information for any finding be completely entered for both the interpretation of the data alone and also the CAD marks prior to allowing the reader to enter details for the next mark within a case or continue on to the next case. The CRF recorded the timing information at the beginning of interpretation of a CT examination, the end of reader interpretation, and the completion of the evaluation of the CAD marks pertaining to the CT scan.
The marks from all of the readers, alone and with CAD, were consolidated as follows: any marks from two or more readers within a maximum clustering distance were automatically consolidated into one single mark. This clustering distance was defined to be 5 mm or the largest of either nodule's diameters if any exceeded 5 mm.
Following automated consolidation, a gold standard for all nodules was subsequently established based on majority agreement plus adjudication. All findings independently identified, either by the reader alone or with the aid of CAD, and labeled as nodules by at least three readers were entered as true nodules in the reference standard. All findings identified, either by the reader alone or with the aid of CAD, and labeled as nodules by less than three readers were adjudicated, either as TP or FP, by an expert chest radiologist (D.P.N.) with 30 years of experience. All other CAD findings were assigned as a truth value of FP and confirmed by the expert reader; furthermore, they were labeled according to various FP categories as discussed below. The same rule was also applied to determine nodules' attenuation, solid or calcified. Nodule's size was taken as the average of the sizes for each nodule identified by at least three readers, and measured by the expert otherwise.
Statistical Analysis
Reader sensitivity was defined as the number of correctly identified nodules divided by the number of TP lesions included in the gold standard. The per-case FP rate was defined as the number of reported marks that were not associated with TP nodules divided by the number of CT studies. The difference in sensitivity between the "reader alone" and reader with CAD as a second reader ("reader+CAD") was tested with the onetailed McNemar test with p value<0.05 and with a null hypothesis that the two systems were dependent.
As part of the analysis, both the average time used by readers when reviewing the cases alone and evaluation of CAD marks were analyzed. In addition, the time for each of the stages discussed above, which occurred in the process of evaluating a single CAD mark was studied. However, we observed a large variation in the time to review the CAD marks among some of the readers. This variation was probably caused by two factors. First, the readers did not conduct reading sessions using dedicated workstations, rather the interpretation was performed at workstations utilized for clinical practice, and hence variations from environment cannot be excluded. The second, and main factor, was the use of the CRF for measuring interpretation times which were actively clicked by the reader. Hence, inadvertent failures to begin and stop the CRF could not be avoided. Thus, to address this aspect we made the assumption that any one reader would have been able to review and grade a CAD mark within thirty seconds. This threshold was determined by analyzing the time used to review the CAD findings across all readers. Thus, first the average of per mark review time was computed for each case and each reader as: the time to review all CAD marks in a case by a reader divided by the number of marks in that specific case. Then the median of these values (27 s) was then rounded to 30 s to add additional buffer. Thus, the set of cases for the next stage of the analysis were identified.
The time for each four stages for the evaluation of CAD mark was estimated by using a robust, least-square linear fitting algorithm (RANSAC, MatLab V. 7.8 Mathworks) and solving an over-constrained set of linear equations. Hence from the original number of 215 CT evaluation (43 CT studies each evaluated by five readers) 41 % (88/215) were not used in the estimation of the timing calculations. Of these, 12 % (26/215) rejected because violating the first assumption and additional 29 % (62/215) following the second step above. Thus, the resulting in 127 CT studies were utilized to compute (a) the average time for the evaluation of the cases by the "reader alone" and "reader+ CAD" as well as (b) the average time for each stage taken by a reader to review a CAD mark. The results thus obtained represent an estimate of the time taken by the readers overall as well as for each of these separate steps when evaluating a CAD mark. Sensitivities and timing results are presented using percentages and 95 % confidence intervals (CI).
Results

Nodule Detection Sensitivity
A total of 134 TP nodules, measuring 3 mm and larger (49≥ 3 and <4, 35≥4 and <5, and 50≥5 mm; mean, 4.9 mm) were included in our study (accounting for 39 of the 43 chest CTs). Four of the 43 chest CTs had no solid nodules ≥3 mm. CAD significantly improved detection of solid nodules regardless of nodule size (p<0.05) ( Table 1) . Reader sensitivity improved from: 44 % (296/670; 95 % CI, ±8 %) without to 57 % (381/670; 95 % CI, ±8 %) with CAD for ≥3 mm nodules (n0134 nodules×5 readers; p<0.001), 48 % (203/ 425; 95 % CI, ± 10 %) without to 61 % (258/425; 95 % CI, ±10 %) with CAD for ≥4 mm nodules (n085×5 readers; p<0.01), and 44 % (110/250; 95 % CI, ±13 %) without to 60 % (149/250; 95 % CI, ±13 %) with CAD ≥5 mm nodules (n050×5 readers; p<0.03), respectively. On average, 1.44 additional nodules per case were identified and accepted by the readers after reviewing the CAD marks (range, 0-4). CAD stand-alone sensitivity was 65 (87/134), 68 (58/85), and 66 % (33/50) for nodules ≥3, ≥4, and ≥5 mm, respectively (Table 1 ; Fig. 4) .
The number of identified nodules, without regard to adjudication, decreased as a function of the number readers agreeing. Namely, when considering nodules ≥3 mm, for example, this number decreased from 142, when defined by only one reader to 28 when all five readers had to agree ( Table 2) .
The impact of CAD was more pronounced with respect to cases which were initially identified as negative (without nodules) by the reader prior to the use of CAD. In fact, each of the five readers re-interpreted the CT studies as positive following the evaluation of CAD marks: five studies both for readers 1 and 2, one case for reader 3, and two cases for readers 4 and 5, respectively. The average diameter for the additional nodules was 4.6 mm with six nodules ranging in size between 3 and 4 mm, four between 4 and 5 mm, and eight between 5 and 6.5 mm.
False Positives
The evaluation of CAD findings significantly increased the readers FP interpretations on average per/case (p<0.001) from 0.07 (95 % CI, ±0.04 (range, 0.02-0.14)) to 0.15 (95 %CI, ±0.08 (range, 0.05-0.28)) after using CAD. For all the cases, the average number of FPs increased from 2.8 (95 % CI, ±1.5 (range, 1-6)) to a total of 6.4 (95 % CI, ±2.5 (range, 2-12)) when using CAD. The total number of FPs increased significantly after reviewing CAD marks, for two of readers, from 1 to 8 and from 3 to 12; for one reader, it increased from 2 to 4, whereas the other two accepted no additional FPs (at 2 and 6, respectively). Importantly, none of the patients, who otherwise would have been interpreted as having a normal study, were incorrectly classified as having a potentially significant nodule following the review of CAD proposed findings.
The CAD algorithm generated a total of 206 marks. Following the review by the expert chest radiologist, 42 % (87/206) were included in the reference standard as TP> 3 mm, 23 % (48/206) were calcified, 10 % (20/206) were true nodules below 3 mm in diameter, and 25 % (51/206) were other types of FPs (at average of 1.19 per patient). The 25 % other FPs were further characterized in the following four groups: pulmonary vessels, 29 % (15/51), scars, 33 % (17/51), peribronchial and mucoid impactions, 10 % (5/51), and extra-pulmonary-chest wall, subpleura, mediastinum, heart, etc., 27 % (14/51) (Fig. 5 ). Scars were defined as predominantly linear opacities instead of true lung nodules. The majority of the accepted FPs 67 % (8/12) proved to be pulmonary vessels, followed by peribronchial findings, 17 % (2/12), scars, 8 % (1/12), and extra-pulmonary, 8 % (1/12). Finally, it is worth emphasizing that of the 51 FP CAD marks proposed to the readers, 39 (76 %) were either easily labeled as FP, representing either pulmonary vessels perifissural or chest wall scars, or were easily dismissed as either lying outside the lungs or superimposed over the trachea. study by readers to assess CAD marks (Fig. 6) . The average time across all the CAD marks needed by the readers to evaluate each CAD mark was 24.2 s. With respect to the various phases, when readers evaluated the CAD marks, an average "start-up time" of 8.1 s (95 % CI, ±3.15 s (range, 3-14 s)) began when readers looked for and opened the CAD-generated series in the chest CT study and ended after they determined whether or not there were any CAD marks (stage 1). When CAD marks were present on this series, an average 18.0 s (95 % CI, ±4.49 s (range, 9-44 s)) was spent by the readers to locate the finding that corresponded to the CAD mark in the complete chest CT series and to determine whether it had been already detected by the reader (stage 2). An additional average 3.6 s (cumulative 21.6 s; 95 % CI, ±4.10 s (10-46 s)) were utilized for the reader to decide whether the mark warranted further review (stage 3). Then, an additional 
Discussion
Despite being advocated by numerous studies, to date, the routine application of CAD for detecting lung nodules [4] [5] [6] [7] [8] [9] [10] [11] [12] has yet to gain acceptance. In addition, while the integration of CAD into a routine clinical PACS environment is gaining momentum [25] [26] [27] [28] , the interactive functionality for reviewing CAD marks within PACS is currently limited. The main purpose of the present report, therefore, has been to assess the impact on reader's identification of solid lung nodules employing a CAD server integrated into a PACS environment as a potential component of routine clinical CT interpretation. In particular, the evaluation of consecutive low-dose screening CT studies, as those included in this study, is receiving additional attention in light of the recent observation that low-dose CT screening may decrease disease specific mortality by as much as 20 % [12] . The availability of CAD results efficiently accessible as DICOM series, alongside standard clinically reconstructed images, improved sensitivity for detecting solid lung nodules while adding only minimally to the number of FP interpretations without impact at the per-patient level. In fact, the sensitivity of lung nodule detection significantly increased for all readers with the aid of CAD in our investigation. Furthermore, all these nodules, except one, proved to be greater than 5 mm in size, consistent with current guidelines for the monitoring of lung nodules recommended by the Fleischner Society [43] .
Although obtaining agreement regarding the definition of a true lung nodule remains elusive [31] , a clear definition as to how the reference standard is defined allows a proper assessment of performance by readers as well as CAD's impact [42] . In our study, we noted a large variation of agreement, even for non-diminutive nodules. The number of nodules ≥3 mm in this study, for example, varied from 142 when defined by one reader only to 28 when requiring definition by all five readers stands testament to a remarkable lack of agreement considering that all five readers were dedicated, fellowship-trained chest radiologists. In these conditions, the adjudicators' role was to mitigate the bias introduced by the decision to consider a consensus level of three readers out of five for the reference standard. Furthermore, since the objective of this study was to evaluate a CAD system in a clinical workflow of 5 mm sections, the reference standard was also established on the 5 mm reconstructions and any CAD findings not visible was deemed a FP. It is acknowledged that small nodules that perhaps were TP may not have been included in the reference standard, however, these nodules were likely to be very small and of low clinical significance.
Similarly to prior studies [5] [6] [7] [8] [9] [10] [11] [12] , the number of FP interpretations significantly increased with CAD on average from 0.07 to 0.15 findings per case. However, since a majority of the FP CAD marks, 76 %, were easily labeled as FPs, not all FPs proved equally problematic and hence the reader did not need to spend similar amount of time in analyzing all proposed findings.
In our investigation, the CAD manager introduced an additional average of 1 m and 22 s for reader review of the CAD proposed findings per CT study, with an average of 24.2 s/mark. An average of 2 m and 23 s was utilized for the review of CT study by the readers without CAD mark evaluation. When analyzing the individual marks, the majority of the time, an average 18.0 s (74 %), was taken for localizing the proposed CAD marks on the original images. Hence, with an automated localization mechanism in PACS, this time could be minimized, thus eliminating a large source of inefficiency. The decision time, in terms of whether the CAD mark was a nodule entailed a relatively smaller time, averaging 15.1 s (stages 3 and 4), with 3.6 s utilized to easily eliminate obvious FP (stage 3) and an additional 11.4 s (stage 4) to interpret the finding as a FP or TP. Therefore, the time for interpretation of CAD marks will decrease in the era of PACS systems with localizer tools, that enable localizing the finding in one series, the CAD mark series, within the larger series of CT data, which were not utilized in this investigation. In practice, we suspect that some of the findings were easily dismissed by the readers in the CAD series even without localization on the 5 mm data. This dismissal of FP's, without localization, may also account for some of the overlapping of the time confidence intervals for localization (stage 2) and easy dismissal (stage 3), as shown in Fig. 6 .
In a previous study, Roos et al. [22] designed a protocol to analyze, amongst other aspects, the time required by readers to evaluate CAD marks. Three radiologists reviewed 20 cases using a dedicated standalone workstation. Timestamps for every individual mouseclick by the reader could be automatically recorded and associated with a specific evaluation activity. In their study, consistent with our results, true-negative CAD findings were easily dismissed (on average, 4.7-in our study, 3.6 s) whereas some other CAD marks, eventually determined to be FPs, took up to three times longer (on average, 14.4 s-in our study, 11.5 s). Hence, as shown in our study, while the integration of CAD on the PACS enables the review of CAD findings, the lack of interactive capabilities is a limitation most noticeable when reviewing less obvious CAD findings. Thus, some of the standard functionalities, normally available in standalone workstation (e.g., 3D rendering, sliding this slab MIPS, cartwheel views, etc), will also need to be incorporated into PACS.
The time analysis contributes a quantitative understanding of the steps and efforts involved in reviewing CAD marks when differentiating between obvious and nonobvious findings, allowing focusing on the actual time to evaluate a CAD mark. However, a more rigorous study involving more readers designed specifically to explore the timing aspects for the evaluation of CAD findings as well as more sophisticated modeling and computation of the fitting, may yield better insight in reader behavior and understanding as to how different types of proposed CAD findings may impact workflow. Furthermore, the use of CRF, as a means of annotation and recording time, artificially increases the time use by readers to evaluate a CAD mark since, as it is practice when reporting on a PACS system, a voice dictation system is normally employed.
A number of additional limitations need to be noted regarding this study. Firstly, evaluations were limited to the interpretation of solid nodules only: pure ground-glass lesions were purposefully excluded. Although a number of recent reports indicate that CAD devices are becoming considerably more adept at identifying these clinically important but frequently difficult to identify lesions, it may be anticipated that inclusion of these will substantially increase both the number of TP and FP nodules identified [44] [45] [46] [47] . It is also noteworthy that the present study focused exclusively on low-dose CT screening studies. The decision to restrict the study in this manner reflects our impression that the best use of CAD is likely for evaluating patients for whom the primary indication is identification of lung nodules with a low pre-test probability with a high standard for defining which nodules are worth further evaluation, an approach supported by the recent results of the NLST study documenting a 20 % decrease in disease specific mortality with low-dose lung cancer screening. In this regard, the ability of CAD systems to work effectively using low dose data sets is well established [9, 10, 48] . The use of CAD in patients with diffuse lung disease, and specifically those with diffuse nodular lung diseases, or patients with easily identified multiple lung metastases, is less promising. Hence, while this study showed benefit in the use of CAD when applied to screening cases, the optimal clinical scenarios for which CAD is of use remains to be determined [14] .
Another limitation in our investigation is that receiver operating characteristic analysis was not performed. However, the impact on reader evaluation with the integrated CAD results was of primary objective; therefore grading in terms of confidence was not asked of the readers to minimize this effect on timing evaluation.
It is also noted that this study employed dedicated chest radiologists instead of a more diverse reader population. This limitation always pertains to studies relying on specialists [2, 13] . Extrapolation to a more general reader population is clearly indicated for further evaluation. In this regard, it is noted that compared with numerous prior studies employing CAD, the overall sensitivity of the five readers in this study proved to be unusually low despite familiarity of reviewing the series generated by the CAD server directly on the PACS. Several possible explanations may account for this result including, in particular, the fact that this study focused on low-dose screening studies-a population for which readers are prone to limit identification of potential nodules in order to avoid over-diagnosis. Paradoxically, once potentially significant nodules are identified in this population, follow-up studies are mandated, hence decreasing the need to identify all additional nodules. Additionally, the knowledge by readers being timed might also have affected their willingness to take extra care to identify all potential lesions. Regardless of the explanation, consistent with previously reported studies assessing the utility of CAD as a second reader, CAD significantly improved the detection of potentially significant nodules for all five readers.
Consistent with previously reported CAD studies, a lack of histological verification is an important limitation. Typically in clinical practice small nodules are not histologically confirmed, given their low likelihood to represent malignancy, rather they are followed up with chest CT [43] . In this regard, however, reliance on using a variable standard for determining a gold standard by use of the extent of reader agreement to identify TP nodules in our judgment represents a reasonable compromise [49] . Additionally, the readers were limited to reviewing the 5 mm sections, whereas CAD processed the 1 mm sections. The reading protocol was designed purposefully so as to remain as close as possible to the standard clinical practice at our institution, and because of technical limitations from the CAD tool. Furthermore, to prevent any bias, the reference standard was established on the 5 mm sections, so that potential small nodules, not visible on the 5 mm sections and marked by CAD, were rejected by the readers. Finally, this study focused exclusively in the use of CAD as a second read. Other reading paradigms, such as concurrent read, may prove of better clinical value. However, the effective benefit still remains to be assessed in further studies.
In conclusion, the result of this study indicates that the use of a CAD device seamlessly incorporated in a PACS environment for efficient use represents a practical application for this otherwise underutilized technology. Similarly to prior studies, in nearly all cases CAD improved the sensitivity of reader's detection of solid lung nodules without an undue number of FP findings. Measurement of the time taken to clinically utilize CAD proved acceptable, despite the need for readers to independently document all findings. While this study supports the use of CAD when restricted to studies in patients in whom identification of nodules is critical with a low pre-test probability, use of CAD integrated with PACS clearly requires still further evaluation in more diverse clinical settings.
